Excitonic states play a fundamental role in the optical characteristics in low-dimension semiconductor systems. They have been extensively studied along the years following the improvement of sample quality. The coupling among the light-and heavy-hole induced by the off-diagonal terms in the Luttinger Hamiltonian were studied and 0bservedl~2. This coupling was externally monitored through the application of magnetic or electric fieldsl73. The contribution of the continuum states to these coupling has been demonstrated2,4 and result in a significant correction to the exciton binding energy. More recently, the coupling among the bound exciton states with the continuum states has attracted some attention5,6.
The carrier confinement in quantum wells (QW) splits the valence and conduction band into a series of subbands. If the subbands are well separated in energy and in-plane parabolic dispersion is assumed, each pair of electron and hole subbands forms a family of quasi-2D excitonic states. Owing to the three-dimensional (3D) character of the Coulombic interaction, excitons belonging to different subbands but the same in-plane symmetry are actually coupled. The excitonic bound states associated to the higher subbands may be degenerated with the exciton continuum of the lower subbands. The coupling among degenerated discrete and continuum s-like states gives origin to a situation typical of Fano resonance7 in the absorption spectrum. Here, we study this coupling and discuss the conditions to observe it experimentally.
An interesting description of the QW excitons was introduced by ~i a n~8 , who wrote the QW excitonic Hamiltonian with an effective 2D Coulomb interaction. This method was successfully applied by Ekemberg and ~ltarelli4 to describe the enhancement of the exciton binding energy due to the lightand heavy-hole coupling. Here, we essentially use the same description and consider the coupling Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993536 among the excitonic continuum and the discrete states belonging to the same hole-host band. Within this approximation, the exciton Hamiltonian writes
The first part gives the QW eigenfunctions and are assumed to remain unchanged under the Coulomb interaction. The second part is a 2D effective exciton Hamiltonian and has analytical solutions for the bound and continuum states expressed in terms of confluent hypergeometric functions. h is a parameter which determines the 2D character of the exciton. The third term, Hi, gives the three-dimensional character of the Coulomb interaction. H2 is the off-diagonal terms of the Luttinger Hamiltonian for the exciton4. Here, we follow Ekemberg and Altarelli's approach and treat H i in first-order perturbation theory. h is then determined by setting < H1 > equal to zero for the 1s exciton state. With the requirement of orthogonality of the wave-functions, we describe the excited states by keeping the same value of h for the excited states belonging to the same electron and hole subbands. Clearly, there is no guarantee of an accurate solution for the continuum states. We expect, however, that the main effect of Hi is to rearrange the continuum states within a narrow range of energy. Therefore, the 0th order continuum eigenfunctions should give a reasonable basis to describe the main features of the coupling.
We are now in conditions to apply the theory developed by Fano to describe the coupling among discrete and continuum states. The coupled eigenfunctions may be expressed as where the indices indicate the electron and hole subbands.
We consider a single QW and we concentrate on the 1s exciton state associated to the first electron subband and the third heavy-hole subband, ElH3:ls. In the absence of coupling, this state gives a sharp peak in the absorption spectra. We have two different kinds of continuum coupling with E1H3: 1s. H2 is responsible for the coupling of E1H3: 1s with the light-hole exciton states with p, d and f in-plane symmetry. The continuum solutions of these exciton states, associated to the first electron and light-hole subbands are degenerated with the ElH3:ls exciton. We note that p, d and f excitons are not optically active. Coupling to these states will only contribute to thebroadening of the excitonic peak due to the sharing of its oscillator strength among the continuum states close in energy to the peak2,4. These broadening is on the order of 10-3 meV and it will not hamper the results presented The other coupling originates from the three-dimensional character of the Coulomb interaction, Hi. This term couples heavy (light) -hole excitons among themselves belonging to the same in-plane symmetry. For a symmetric QW, the E1H3: 1s state is degenerate and coupled to the continuum of the ground exciton state, E1H1 :ks. Again, we observe a broadening of the exciton peak. Additionally, at a certain energy, the continuum and the discrete wave-functions give rise to a destructive interference. This creates a dip in the continuum part of the absorption spectrum close to the peak. The relative position depends on the q factor of the coupling7. The value of q depends on the intensity of the coupling and the oscillator strengths of the continuum and the discrete states. For negative q, the dip occurs above the peak. This situation is not favorable for the experimental observation since the dip may be masked by the presence of the 2s exciton state. The dip appears before the exciton peak for positive q. This is a rather favorable situation for its observation since it is the only mechanism being able to decrease the absorption in this localized range of energy. Figure 1 shows the absorption spectrum, normalized to the ElH1:ks continuum absorption, for several QW with different barrier heights. The calculated value of q for the energy of the peak is also indicated. We first notice the relative weakness of the coupling. Actually, for the cases of Figure 1 , the full width broadening of the peak is of the order of 10-2 meV. This is a very weak broadening and it will certainly be masked by the broadening due to the coupling with phonons or interface roughness.
The dip will be affected in the same way. However, for good quality samples and at low temperatures, the dip may not be entirely hidden by the broadening of the peak and its observation should be possible. In this case, the actual suppression of the absorption will result in a dip with an effective half width of the order of few meV.
An additional feature of Figure 1 is the relative intensity of the peak in comparison to the dip. This is controlled by the value of q. We observe that for higher potential barriers, the peak is less pronounced as a consequence of the An30 rule for infinite wells. Also, as q reaches very small values the competition between the peak and the dip can be quite significant making their observation difficult. The dominant factor in the q value is the overlap of the electron and the hole wave-function for the discrete states and it can be monitored by the penetration of the wave-function in the barrier. We expect that very strong transitions will most likely suppress the dip because of the spread of the oscillator strength to the states arising from disorder.
An optimal situation for the experimental observation of the dip in this Fano resonance should be one where the q value is positive in order to have the dip before the peak but not too large. The former conditions positions the dip below the peak and removes it from the spectral region pertaining to the 2s excitonic state. The latter condition prevents the peak broadening to spurs the dip. A possible way to externally monitor the intensity of the dip is to apply an electric field in the z-direction. In this way, the overlap between the electron and the hole wave-functions can be adjusted and consequently the value of q can be modified. This will control the intensity of the dip, eventually driving its disappearance in the peak.
